Poliovirus proteins were labelled in vivo with [35S]-methionine, and the major products of translation and cleavage were separated by electrophoresis and compared in terms of two-dimensional tryptic peptide maps visualized by autoradiography. The main intermediates p55o and p9o had few or no methioninelabelled sequences in common, but were both contained in, and therefore almost fully account for, the presumed primary translation product p25o. The sequences of P79, a major stable product of cleavage and a non-structural protein , were almost completely contained in pgo, which in turn is the major component of the larger intermediates pI68 and P~55. P55o is confirmed as the precursor of virus particle protein, and VPo as the precursor of VP2. However, the sequences of p35, the other major product of translation that is not a structural protein, were not contained in any of the viral polypeptides mentioned above.
INTRODUCTION
At least 34 distinct poliovirus polypeptides (here referred to in terms of mol. wt. in kilodaltons, e.g. p5 Io) have now been resolved in extracts of poliovirus-infected cells (Abraham & Cooper, 5975a) . Apart from those that comprise the virus capsid, only one polypeptide has been shown to be associated with a specific poliovirus function (Lundquist, Ehrenfeld & Maizel, I974) . Since most, if not all, are cleaved from a single precursor that is much smaller than the sum of their individual tool. wt., the polypeptide products must contain extensive overlapping sequences. The in vivo cleavage process is too complex to tackle by consideration of mol. wt. values alone, and kinetic studies of the rate of appearance and disappearance of each species also yield only limited information (Abraham & Cooper, 5975a) . Analysis of tryptic peptides is more informative, and has shown major differences between pI 5o and P79 and similarities between p55o and capsid proteins (Jacobson, Asso & Baltimore, 597o; Summers, Roumiantzeff & Maizel, ~975) . Unfortunately these studies used frequently occurring amino acids as labelled precursors, and separated tryptic peptides in one dimension only, so that the resolution was not usually sufficient to indicate degrees of relatedness.
This paper describes the separation of [a~S]-methionine-labelled tryptic peptides from poliovirus-specific polypeptides, using a two-dimensional analysis. The polypeptides give characteristic and relatively simple patterns that allow an estimate of the extent of overlapping amino acid sequences. Although methionine-labelled peptides do not represent all * Present address: Roche Institute of Molecular Biology, Nutley, New Jersey, U.S.A. o71 io.
of the tryptic peptides, this disadvantage is outweighed by their convenience and ease of resolution. The method is used to show the relation between the major products of translation and cleavage of poliovirus. In particular, the major intermediates pI IO and p9o appear to account for the presumed primary translation product p2Io almost completely, leaving the derivation of an important stable non-structural protein, P3 i, unexplained. The implications of this finding are discussed in terms of a possible independent translation unit for poliovirus.
METHODS
General procedures. Procedures used for the growth and purification of poliovirus, the labelling of infected cells with [35S]-methionine, the separation of poliovirus polypeptides by SDS-gel electrophoresis and their identification by autoradiography, are described in the preceding paper (Abraham & Cooper, I975 a) .
Preparation and analysis of tryptic digests. Parallel cultures of poliovirus-infected cells were incubated for 3"5 h before the addition of either TPCK (o.I 2 mM) or TLCK (0"32 mM); some cultures were untreated. Five rain later, [35S]-methionine was added to each culture (to/~Ci/ml) and incubation continued for I h. SDS solutions of the whole cells of each culture (or of purified virus) were electrophoresed in replicate SDS-gels to give polypeptide separations similar to those of Abraham & Cooper (I975a) , except that gel slices were soaked in distilled water rather than 7 ~ (v/v) acetic acid before drying. In one case (Fig.  2f, ) ,the polypeptide P31 was resolved in an SDS-gellacking added urea (Abraham & Cooper I975 b) . The autoradiograms allowed the required polypeptides to be located and cut exactly from the gel slices; the gel pieces were rehydrated in o.I ~o SDS, frozen and thawed, broken further by forcing through the nozzle of a syringe and boiled for 1 min at Ioo °C. Polypeptides were eluted for 4 h at 42 °C and gel fragments removed by filtration through a Whatman's membrane filter of porosity 22 nm. Approx. ~o 6 ct/min were recovered for each polypeptide. After addition of I to 2 mg lysozyme as carrier, the polypeptides were precipitated by the addition of 2 vol. ethanol at -20 °C. Precipitates were recovered by centrifuging, resuspended in I ml water and re-precipitated twice more to remove SDS. The pellets were finally resuspended and digested at 37 °C with 50 #g/ml trypsin (TPCKtreated, Worthington) for 2 h at pH 9. Samples were further digested for 4 h after the addition of another 50 #g trypsin. Samples of [35S]-methionine-labelled poliovirus and naturally occurring empty capsids were purified as described previously (Abraham & Cooper, I975 a) and digested similarly. The digestion products were dried and redissolved in 50 to 200 #1 of pH 6"5 buffer (pyridine:acetic acid:water, vol. ratio ro:o'4: x2o). Any insoluble residue was checked for solubility at pH 9, but in each case < 5 ~ of the radioactivity insoluble at pH 6"5 was soluble at pH 9, suggesting that all tryptic peptides were soluble in the buffer used. Five thousand to I O ooo ct/min per expected methionine-containing peptide was applied as a spot on paper and the peptides separated by high voltage paper electrophoresis followed by chromatography (Laver, 1969) . After drying, sheets were autoradiographed, usually for 14 days.
RESULTS
The procedures used are referred to or described in Methods. In outline, cultures of poliovirus-infected cells were labelled with [z~S]-methionine in the presence or absence of the cleavage inhibitors tosyl-L-phenylalanyl chloromethane (TPCK) or losyl-L-lysyl chloromethane (TLCK). After electrophoresis, appropriate bands from gels of whole cell extracts or of purified virus were cut out, and the polypeptides eluted and digested with trypsin. The peptides were separated in two dimensions on paper, and the resulting maps visualized by autoradiography ( Fig. I and z) . The polypeptides coded by poliovirus (at least 34 of them), together with their nomenclature in terms of tool. w~t. and methods used to identify them, are given in the preceding paper (Abraham & Cooper, x975 a) .
As a check on the reproducibility of the method, Fig. I c, d and e shows tryptic peptide maps derived from polypeptides VPI, VP2 and VP3, respectively, isolated from gels of [asS]-methionine-labelled purified poliovirus. Each band comprises a different amino acid sequence whose major peptides can also be found in the map of purified whole virus (Fig.  I a) , which in turn duplicates in all but a few spots the [14C]-methionine-labelled map described previously (Cooper & Bennett, I973) .
Comparison of the maps from whole virus (Fig. I a) and band ptro derived from an extract of poliovirus-infected ceils pulse-labelled for 7 rain with [zsS]-methionine (Fig. I b) shows that counterparts of almost all the major peptides from pllO can be found in the virus particle, confirming earlier conclusions (Jacobson et al. I97o; Summers et al. ~970 that p~1o is the cleavage precursor of structural protein. Three major peptides in virus protein (arrowed) are absent from p1 to, and may represent new tryptic peptides created by post-translational cleavage. Comparison of VP2 (Fig. I d) with band VPo (Fig. If) , isolated from gels of [35S]-methionine-labelled purified ' top component' (naturally occurring empty capsids), shows that most of the peptides of VP2 are also found in VPo, confirming another earlier conclusion (Jacobson et al. I97o ) that VP2 is derived from VPo.
The tryptic peptide maps of the p2 I o bands from gels of infected cells labelled in presence of the cleavage inhibitors TPCK (Fig. 2a) or TLCK (Fig. 2b) are very similar. Virtually every spot in Fig. 2b can also be found in Fig. 2a , providing further evidence that the apparent primary translation products derived by two methods are the same protein. A counterpart of almost every peptide from P79 (derived from an extract of infected cells pulse-labelled for 60 min with [3~S]-methionine, Fig. 2 c) can be found in p9o derived from a similar culture pulse-labelled for 7 rain (Fig. 2 d) , indicating that the methionine-containing sequences of P79 are almost completely contained in p9o. Similarly, almost every peptide in both p9 o and p~Io can be found in p2~o, so that p9o and pl~o are both derived from p2Io. On the other hand, very few peptides in P79 or p9o correspond to those found in p11 o, indicating that p~ Io and p9o are translated from almost if not entirely non-overlapping regions of the genome. Together pxIo and p9 o account for almost all of the sequences present in p2Io, and also for the bulk of the translated portion of the poliovirus genome.
Both pi68 and PI55 were isolated from infected cells labelled in the presence of TPCK. As may be expected from their tool. wt., pI68 (Fig. ze) and PI55 (not shown, but indistinguishable from Fig. 2e ) gave tryptic peptide maps very similar to those of p2io. Moreover, a counterpart of virtually every peptide in the maps from p9o and P79 is found in both pi55 and pi68, showing that the latter are both derived mainly from the p9o region of the translation sequence rather than the p l I o region.
In contrast the tryptic map of P3 I, derived from an extract of infected cells pulse-labelled for 6o rain with [35S]-methionine, is unique (Fig. z f; this band could only be resolved satisfactorily in gels lacking urea; Abraham & Cooper, 1975 a,b) . Very few peptides in this pattern correspond to any peptide from p1 Io or p9o, and it therefore comprises an amino acid sequence largely distinct from these. However, many of its major spots are also unrepresented in the map of p21 o. This is an unexpected finding, as the amount of label used should be sufficient to detect the contribution of P3t if its sequences were present in pzlo. Peptide analysis of poliovirus proteins 219 Fig. 2 . Two-dimensional peptide autoradiographs of individual poliovirus polypeptides, prepared as in Fig. 1. (a) p21o, labelled for 6o rain in presence ofo.I2 mM-TPCK; (b) p2Io, labelled for 6o min in presence of o'32 mM-TLCK; (c) P79, labelled for 6o min; (d) p9o, labelled for 7 rain; (e) pi68, labelled for 6o rain in presence of oq2 mM-TPCK; (f), p3I, labelled for 6o min and isolated from a gel lacking urea. 
DISCUSSION
The inhibitors of proteolytic enzymes TPCK and TLCK allow the accumulation in quantity of large precursor viral polypeptides not normally seen in cells labelled for long periods. This useful approach suffers in that such inhibitors could cause some chemical changes in viral proteins (Shaw, I967) , but because of the large excess of host cell material and the low level of inhibitor used we assume that not many viral molecules will have their tryptic maps altered by non-specific alkylating activities. On the other hand, amino acid analogues could not be used to inhibit cleavage, since these certainly would alter the tryptic maps.
Within these limits, the results described above have allowed a more precise definition of the relation between the major cleavage products of poliovirus protein. Fig. 3 illustrates this relation, in which the mol. wt. values are drawn to scale, pI IO and pgo have been shown to be almost entirely distinct, and probably do not contain overlapping sequences. From the more rigorously determined tool. wt. values now available (Abraham & Cooper, 1975a ), it appears that these two proteins almost completely account for the amino acid sequence of p2Io, the apparent primary translation product. The sequences of P79 are almost completely contained in p9o; because pI IO and P79 have been respectively shown to lie towards the N-and C-termini of the translation product (Summers & Maizel, I971 ; Taber, Rekosh & Baltimore, I97I) , it follows that p9o also lies towards the C-terminal end. Because pi68 and p155 resemble p9o much more than pI IO, pi68 and p155 also lie towards the C-terminal end; this conclusion contrasts with the speculation of Cole & Baltimore (1973) that these two polypeptides might be translated from opposite ends of the poliovirus genome, pllO is confirmed to be the precursor of structural protein, and VPo the precursor of VP2.
The major anomaly is presented by p3 I. The gene for this virus-induced (and therefore presumably virus-specified) polypeptide was assumed from its rate of labelling after pactamycin treatment to lie between those of pllO and P79 (Taber et al. 1971) . However, the same data would not rule out the presence of the gene for p31 in a translation unit independent of p2Io, i.e. preceding or following p2Io in the poliovirus message, if its kinetics of initiation or translation were different from that of p21o. In view of the close correspondence of the mol. wt. of p2Io with the sum of tool. wt. of pI IO and p9o, the distinct nature of the peptide map of p3I and the fact that p2Io only accounts for 80 ~ of the coding potential of poliovirus RNA, the possibility must be seriously considered that P3 t is derived from a translation unit distinct from that of p2Io.
